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AN  AERODYNAMIC  DESIGN  METHOD  FOR  TRANSONIC  AXIAL 
FLOW  COMPRESSOR  STAGE 

Zhu  Fang- Yuan,  Zbou  Xin-Hai,  Liu  Song- Ling,  Fan  Fei-Da 
I .  INTRODUCTION 

t 

In  the  beginning  of  the  50’ s.  Professor  Wu  Zhonghua  proposed 
the  theory  of  three-dimensional  gas  flow  in  fan  blade  machines  and 
through  iteratively  solving  the  8^,82  stream  surfaces  to  find  the 
3-D  flow  field,  established  the  theoretical  basis  for  applying  the 
3-D  flow  model  to  the  aerodynamic  design  of  fan  blade  rotor  machines. 

Since  the  latter  part  of  the  60’s,  a  series  of  reports  [2]-[7] 
published  abroad  introduced  the  experimental  and  computational 
results  of  applying  3-D  theory  in  the  design  of  a  transonic  compress¬ 
or  stage.  Multiple-circular-arc  (MCA)  airfoils  are  used  In  these 
transonic  stages.  According  to  the  data  in  these  reports,  the  exper¬ 
imental  vlaues  and  the  design  values  of  the  average  stage  proper¬ 
ties  and  of  the  radial  stream  parameter  distributions  may  be  con¬ 
sidered  to  be  In  agreement,  thus  proving  that  good  results  may  be 
obtained  by  applying  3-D  theory  to  the  design  of  transonic  stages 
and  that  MCA  airfoil  can  be  used  in  transonic  stage  design. 

Based  on  an  analysis  and  study  of  the  quoted  references,  we 
established  an  aerodynamic  design  method  for  a  transonic  axial  flow 
compressor  stage  and  developed  a  computer  program  for  it. 

Our  computational  method  consists  of: 

(1)  The  computation  of  the._average  Si  stream  surface — computa¬ 
tion  of  the  flow  fields  at  the  blade  leading  and  trailing  edges 

The  streamline  curvature  method  is  used  with  the  calculation 
station  at  the  blade  leading  and  trailing  edges,  the  projections  of 
Khich  on  the  meridional  planes  may  be  arbitrary  curves.  In  the  cal¬ 
culation,  the  effects  of  radial  gradients  of  entropy,  enthalpy  and 
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streamline  curvature  are  taken  into  account.  The  results  of  com¬ 
putations  are  the  flow  parameters  of  the  average  S2  stream  surface 
at  the  blade  leading  and  trailing  edges. 

( 2 )  Approximate  calculations  of  stream  surface  of  revolution 

The  practical  application  of  current  design  is  the  approximate 
calculation  of  an  S1  stream  surface  with  selected  blade  parameters. 
The  purpose  is  to  check  the  aerodynamic  properties  of  the  selected 
blades.  In  our  method,  the  approximate  calculation  of  the  stream 
surface  consists  of: 

A.  Free  stream  calculation 

The  free  stream  calculation  is  an  integral  part  in  the  approx¬ 
imate  calculation  of  the.  flow  field  of  the  cascade  entrance  region 
of  stream  surface.  Based  on  the  known  position  of  S.^  stream  sur¬ 
face  and  the  leading  edge  flow  parameters,  it  is  the  calculation  of 
the  parameter  distribution  along  the  streamline  from  the  leading  edge 
under  the  condition  that  the  entropy  and  CQr  are  constant.  The 
result  is  used  as  the  primary  data  for  checking  the  incidence  angle 
and  the  choking  margin  of  the  blade  channel  in  the  blade  parameter 
calculation.  The  effects  of  the  variation  of  streamline  radial  pos¬ 
ition  and  stream  surface  thickness  on  flow  parameters  have  been  con¬ 
sidered  in  the  calculation. 

B,  Calculation  of  MCA  airfoil  parameters 

The  MCA  airfoil  parameters  are  calculated  on  a  plane  tangential 
to  the  conical  surface  which  is  used  to  approximate  the  stream 
surface  of  revolution.  The  centerline  angle  of  attack  of  the  MCA 
airfoil,  the  lag  angle,  the  ratio  of  front  chord  to  total  chord,  the 
ratio  of  front  camber  to  total  camber  are  all  determined  by  requiring 
suitable  values  respectively  for  the  incidence  angle  (the  unique 
incidence  angle  or  the  suction  surface  leading  edge  incidence  angle), 
the  impinging  point  of  the  channel  shock  on  the  blade  suction  sur¬ 
face,  and  cascade  channel  choke  margin.  An  MCA  airfoil  may  then  be 
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determined  with  other  given  conditions.  In  the  calculation,  the 
variations  of  the  airstream  relative  drag  parameter  and  the  varia¬ 
tion  of  stream  surface  thickness  have  been  taken  into  account. 

(3)  Blade  shape  and  blade  stacking 

Based  on  MCA  airfoil  parameters  already  calculated,  we  form  the 
airfoil  sections  on  the  developed  surface  of  the  conic  surface.  In 
order  to  maintain  the  basic  characteristics  of  plane  surface  circu¬ 
lar  arc  on  a  conical  surface ,  we  approximate  a  circular  arc  with 
curves  of  equal  turning  rate.  After  forming  the  airfoil  sections 
along  the  various  stream  surfaces  at  blade  height,  we  stack  the 
various  airfoil  sections  into  a  blade  according  to  certain  require¬ 
ments  and  find  the  airfoil  surface  coordinates  on  the  various  cross- 
sectional  areas.  The  principle  for  this  part  as  well  as  for  the  com¬ 
puter  program  is  exactly  the  same  as  that  of  [9]. 

II.  CALCULATION  OP  PLOW  FIELD  OP  THE  BLADE  LEADING 
AND  TRAILING  EDGES 

According  to  the  continuity  equation,  momentum  equation,  energy 
equation  and  state  equation  of  a  non-viscous  fluid,  and  from  the 
relationship  (see  Figure  1), 
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we  can  derive  the  principal  equation  of  the  streamline  curvature 
method  at  calculation  station  1  along  the  curve  to  be 
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where 


A  is  the  mechanical  equivalent  of  heat. 


In  the  computer  program,  the 
"Runge-Kutta"  method  is  used  to 
solve  the  set  of  equations  (2-1), 

(2-2)  to  obtain  the  meridional 
velocity  Cm  along  the  calculation 
station  and  the  flow  distribution 
from  the  calculation  point  to  the 
root  section. 

A  double-spline  function  is 
used  to  approximate  the  projection  of  the  flow  line  in  the  meridian 
plane,  i.e.,  equivalent  stream  points  are  first  approximated  by  a 
spline  function  from  which  the  streamline  tangent  tg  $  is  found. 

Then  the  flow  line  tangent  is  again  approximated  by  a  spline  function 
from  which  the  flow  line  curvature  is  found. 

There  are  two  methods  to  choose  in  the  computer  program  for 
estimating  the  loss  in  the  blade  row.  One  is  to  determine  from  the 
available  data  the  rotor  isentropic  efficiency  and  the  radial  dis¬ 
tribution  of  the  stator  total  pressure  recovery  coefficient.  The 
other  is  to  calculate  the  airfoil  loss  from  the  relationship  between 
the  given  dispersion  factor  and  the  loss  parameter.  In  the  calcula¬ 
tion,  the  stream  parameters  of  the  last  iteration  are  used  to  compute 
the  dispersion  factor  and  the  loss  coefficient  in  the  current  iter¬ 
ation.  When  the  flow  field  converges,  the  stream  parameters  and  the 
loss  coefficient  will  also  agree  (within  allowed  error  limits). 

Tables  1  and  2  show  the  calculated  results  in  comparison  with 
the  data  given  by  [2]  and  [3]. 

III.  FREE  STREAM  CALCULATION 

The  problem  to  be  solved  In  a  free  stream  calculation  is  to  find 
the  suction  surface  neutral  point  connected  to  the  cascade  unique 
Incidence  angle  and  to  provide  original  data  for  calculating  the 
shock  loss. 


Figure  1 


4 


By  free  stream  is  meant  the  stream  flow  from  the  leading  edge 
with  only  the  effect  of  flow  construction  in  the  meridian  plane 
without  the  reaction  of  the  blades.  Hence,  the  free  stream  should 
satisfy  the  following  conditions: 

(1)  the  free  stream  C^r  value  is  the  same  as  that  of  the  leading 
edge  stream  along  the  same  streamline 

(2)  isentropic  flow 

(3)  axial  symmetric  flow. 

In  the  presence  of  rotor  blades,  the  average  circumferential 
stream  parameters  in  the  entrance  region  between  the  cascade  entrance 
to  the  first  covering  surface  of  the  channel  (both  the  suction  sur¬ 
face  neutral  point  and  the  channel  shock  are  located  in  this  entrance 
region)  may  still  be  approximately  regarded  as  satisfying  the  three 
conditions  stated  above  due  to  the  cancellation  of  the  leading  edge 
shock  wave  and  the  expansion  wave  as  well  as  the  facts  that  the 
stream  flow  is  not  much  restricted  by  the  blades  before  entering 
the  cascade  channels  and  that  the  front  section  of  the  MCA  airfoil 
of  the  ultrasonic  incident  flow  is  relatively  flat. 


Based  on  the  average  S2  stream  surface  calculation,  the  free 
stream  calculation  is  carried  out  with  continuous  functions  along 
the  streamline  according  to'  the  above  conditions. 

The  principal  formula  in  this  program  is: 


C  , _ I _  I  _ .  I  417 1 
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(3-2) 


are  calculated, 
of  airfoil  parameters. 


They  are  used  in  the  calculation 


IV.  CALCULATION  OP  MCA  AIRFOIL  PARAMETERS 

The  blade  formation  in  our  design  method  is  carried  out  on  the 
conic  expansion  surface.  The  calculation  of  airfoil  parameters  is  to 
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provide  the  necessary  data  for  blade  formation  and  stacking. 


The  major  problems  involved  in  the  calculation  of  airfoil  para¬ 
meters  are  discussed  below: 


Figure  2 

In  our  opinion,  there  are  two  possible  ways  to  do  this:  one  is 
to  use  the  tangent  plane  to  the  conical  surface  and  the  other  is  to 
use  the  developed  conical  surface.  In  the  former,  the  bowl  and  suc¬ 
tion  surfaces  of  the  airfoil  are  composed  of  two  sections  of  circular 
arc,  respectively,  while  in  the  latter  they  are  composed  respectively 
of  two  sections  of  constant  turning  rate  curves  (see  Figure  2). 

According  to  the  unique  incidence  angle  principle,  when  the 
relative  M  number  of  the  incident  flow  exceeds  l.<f>,  it  is  necessary 
in  the  design  to  calculate  the  Mach  wave  system  in  the  cascade 
entrance  region.  When  calculated  on  the  tangential  plane  to  the 
conical  surface,  this  Mach  wave  system  is  obtained  by  using  a  two- 
dimensional  stream  model  with  three-dimensional  stream  corrections. 

If  the  airfoil  is  designed  not  by  following  the  unique  inci¬ 
dence  angle  principle  but  by  choosing  the  leading  edge  suction  sur¬ 
face  incidence  angle,  then  it  is  not  necessary  to  calculate  the  cas¬ 
cade  entrance  Mach  wave  system.  The  second  method  can  also  be  used. 


This  has  been  carried  out  in  [9]. 


In  our  computer  program  the  first  method  is  adopted.  In  addi¬ 
tion,  while  the  cascade  choking  situation  is  being  checked,  we  also 
consider  the  changes  in  cascade  distance  along  the  conical  surface, 
the  changes  in  the  airstream  relative  drag  parameter  and  the  changes 
in  the  stream  surface  thickness.  Calculation  indicates  that  the 
various  airfoil  parameters  thus  obtained  are  more  reasonable.  The 
calculated  results  and  the  data  from  [3]  are  both  listed  in  Table  3 • 

(2)  Calculation  of  lag  angle 

In  principle,  lag  angle  calculations  are  all  based  on  the  Carter 
formula  with  corrections  to  take  into  account  of  the  effect  of  three- 
dimensional  flow.  In  general,  there  are  two  methods  of  treatment: 

One  is  to  calculate  with  the  airfoil  turning  angles  in  [2],  [3]  and 
the  other  is  to  calculate  with  the  airfoil  equivalent  turning  angle 
as  in  [5],  [9]. 

A.  Calculation  with  airfoil  turning  angle 


The  computational  formulas  are 


<5-«  '••-1 
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where  is  the  empirical  correction  when 

3-D  flow  effect  is  taken  Into  account. 


B.  Calculation  with  airfoil  equivalent  turning  angle 

In  [10],  it  is  suggested  that  the  velocity  triangle  at  the 
stream  surface  cascade  entrance  be  transformed  into  an  equivalent 
velocity  triangle.  The  condition  for  transformation  is:  the  exit 
meridional  velocity  and  radial  coordinate  are  the  same  as  at  the 
entrance,  and  the  C^r  value  is  equal  to  that  of  the  original  velocity 
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triangle  at  the  entrance.  Based  on  these  conditions,  the  equiva¬ 
lent  exit  stream  angle  is 

<4-2> 

The  formula  for  calculating  the  lag  angle  is 

(4-3) 

Kr-« 

In  [5],  airfoil  section  formation  is  carried  out  on  the  cascade 
projection  surface  and  the  equivalent  exit  stream  angle  is  to  be 
located  on  this  plane. 


The  airfoil  equivalent  turning  angle  on  the  cascade  projection  sur¬ 
face  is  used  to  calculate  the  lag  angle. 

In  our  program,  (4-1)  is  used  to  calculate  the  airfoil  lag 
angle. 

(3)  Calculation  of  the  suction  surface  neutral  point 
and  unique  incidence  angle 

When  the  airfoil  is  designed  according  to  the  unique  incidence 
angle  principle,  the  suction  surface  neutral  point  needs  to  be 
located.  It  is  pointed  out  in  [2]  that  it  is  a  very  good  approxi¬ 
mation  to  take  as  the  neutral  point  the  mid-point  between  the  air¬ 
foil  leading  edge  and  the  starting  point  of  the  Mach  wave  at  the 
suction  surface  upper  seal.  This  assumption  has  been  verified  by 
detailed  stream  diagrams . 

The  calculation  method  used  in  our  program  is  to  first  obtain 

the  distribution  of  the  stream  angle  B  and  the  relative  M  number 

m 

along  the  streamline  through  the  free  stream  calculation.  Then  the 
Prandtl-Meyer  formula  is  used  to  calculate  the  M  number  as  the 
stream  angle  of  the  free  stream  is  turned  to  be  parallel  to  the 
direction  of  the  tangent  line  of  the  local  airfoil  suction  surface. 
Then  the  distribution  of  the  M  number  along  the  airfoil  suction 
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surface,  and  from  it  the  neutral  point  may  be  found.  Por  3-D  flow, 
the  tangent  line  of  the  neutral  point  airfoil  section  should  agree 
with  the  direction  of  the  local  free  stream.  However,  after  the 
choking  reaction  on  the  blade  and  the  attached  surface  on  the  blade 
is  taken  into  consideration,  it  is  proposed  in  [2]  that  there  should 
be  an  angle  of  attack  of  about  +1.5°  between  the  tangent  line  of  the 
neutral  point  airfoil  section  and  the  local  free  stream. 

The  leading  edge  median  angle  of  attack  and  the  leading  edge 
suction  surface  angle  of  attack  computed  according  to  the  above 
method  are  listed  in  Table  3*  The  data  from  [3]  are  also  listed. 

( 4 )  Shock  position  and  shock  loss 

The  model  of  the  cascade  channel  shock  is  shown  in  Figure  3- 
Prom  the  A  point  on  the  -leading  edge,  draw  a  normal  to  the  channel 
median  and  intersect  the  suction  surface  of  another  blade  at  B.  The 
normal  AB  is  then  a  normal  shockwave.  The  methods  used  to  calculate 
the  M  number  in  front  of  the  shock  in  [2]  and  [3]  are  different.  We 
adopt  the  method  in  [3],  namely  that  the  critical  area  ratio 
in  front  of  the  shock  is  found  first  from  which  the  M  number 
in  front  of  the  shock  is  then  obtained. 

From  the  distribution  of  the  free 
stream  critical  area  ratio  (,r), 
the  critical  area  ratio  in  front  of 
the  shock  is 

til.  '(]■),  A. 

(  A  \  .  <■-  . 

'  \.rfr  -W finfl, 

where  *.  ' .  P,  are  respectively  the  cascade  distance,  radial  coordi¬ 
nate  and  free  stream  angle  relative  to  point  C  and  ym  is  the  radius 
of  the  interior  circle  tangential  to  the  channel  with  center  at  C. 

The  relationship  of  ( r)„  and  the  Mach  number  in  front 
of  the  shock  is 
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In  Figure  3j  there  is  a  definite  requirement  on  the  position 
of  the  intersection  point  between  the  shock  and  the  suction  surface. 
In  [3],  it  is  required  that  the  distance  from  this  point  to  the 
leading  edge  of  the  blade  near  the  airfoil  tip  should  be  about  1.25 
bf.  The  value  will  vary  at  different  radii.  The  parametric  chord 
length  ratio  ■>/*»  of  the  MCA  airfoil  should  be  adjusted  based  on 
this  requirement. 

(5 )  Checking  for  channel  choking 

The  cascade  channel  on  the  tangent  plane  of  the  conical  surface 
is  shown  in  Figure  4.  Except  for  the  base  blade,  airfoil  bowls  are 
formed  according  to  the  cascade  distance  on  the  conical  surface  in  a 
direction  opposite  to  the  rotational  direction.  Cascade  channels 
are  formed  between  the  base  blade  suction  surface  and  the  airfoil 
bowl.  Owing  to  the  variation  of  the  cascade  distance  on  the  conical 
surface,  the  airfoil  bowls  formed  are  different  from  those  of  the 
base  blade. 

The  shock  loss  is  calculated  with  the  method  mentioned  before. 
The  airfoil  loss  coefficient  S-  Is  the  difference  between  the  total 
loss  coefficient  *t  obtained  from  the  computation  of  the  blade  lead¬ 
ing  and  trailing  edge  flow  fields  and  the  shock  loss  coefficient  ». 

No  loss  Is  assumed  in  front  of  the  point  of  intersection  between  the 
shock  and  the  suction  surface.  The  airfoil  loss  coefficient  Is 
assumed  to  be  linearly  distributed  from  this  point  to  the  trailing 
edge  of  the  airfoil. 

The  formula  are 


10 


The  minimum  value  for  A/A  is  required  to  be  1.02-1.05.  When 
this  range  is  exceeded,  the  airfoil  parameter  camber  ratio  may 
be  adjusted.  Calculation  indicates  that  in  the  neighborhood  of 

the  blade  tip,  adjusting  the  camber  ratio  does  not  affect  much  the 

* 

minimum  value  of  A/A  while  in  the  neighborhood  of  blade  root,  the 

» 

camber  ratio  does  affect  the  minimum  value  of  A/A  . 

The  results  of  the  calculation  are  shown  in  Table  3- 
V.  CONCLUSIONS 

Based  on  the  original  given  conditions  and  design  requirement, 
the  design  method  and  computer  program  mentioned  in  this  paper  is 
capable  of  obtaining  the  data  needed  for  calculating  the  blade  air¬ 
foil  section  coordinates  and  strength  required  in  the  manufacturing 
of  the  blade,  through  the  Iteration  of  the  blade  leading  and  trail¬ 
ing  edge  flow  field  computation,  the  approximate  computation  of  the 
S^  stream  surface  of  revolution  and  blade  airfoil  section  formation 
and  stacking. 
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Sample  calculation  indicates  that  the  result  Is  good.  Hence, 
an  effective  tool  Is  provided  by  the  method  and  computer  programs 
in  this  paper  for  current  aerodynamic  design  of  transonic  axial  flow 
compressor  stage. 


TABLE  OF  SYMBOLS 

A  mechanical  equivalent 

of  heat,  area 

* 

A/A  ratio  of  area  to  critical 

area 

a  distance  from  leading  edge 

to  point  of  maximum  camber 

b  chord  length 

c  absolute  flow  velocity 

Fg  camber  ratio 

GB  flow  rate  between  calcula¬ 

tion  point  and 

g  gravitational  acceleration 

H  total  enthalpy 

i  incidence  angle 

K  index  of 

1  curvature  calculation  sta¬ 

tion 

m  meridional  streamline,  para¬ 

meter  used  to  calculate  the 
lag  angle 

M  Mach  number 

N  number  of  blades 

n 

p  pressure 

S  entropy  of  flow 

R  gas  constant 

y  radial  coordinate 

T  temperature 

t  cascade  distance 

u  circular  velocity 

W  relative  velocity 

X  correction  to  lag  angle 

Z  axial  coordinate 

a  stream  surface  conical 

angle 


5  relative 

Y  airfoil  angle 

6  lag  angle 

<j>  airfoil 

»  angle  between  meridional 

streamline  and  the  Z  axis 

p  gas  density 

a)  rotor  angular  velocity 

iU  total  pressure  loss  coefficient 

o  cascade  solidity,  function  of 

entropy 

X  angle  between  calculation 

station  1  and  y  axis  . 

Angle  subscript: 

*  choke  parameter 

f  airfoil  front  section 

F  free  flow 

Y  radial 

5  shock 

p  airfoil 

sh  shock 

m  meridional  streamline 

Z  axial 

6  circumferential 

c  airfoil  centerline 

ss  suction  surface  leading  edge 

C  equivalent  velocity  triangle 

W  relative  parameter 

L  blade  leading  edge 

B  neutral  point 

1  blade  leading  edge  flow  parameter 

2  blade  trailing  edge  flow  parameter 

C  flow  parameter  of  machine’s 

far  upstream 


12 


II 


REFERENCES 


(  n  Vfa.C.  It..  A  l<ratn|  TkMy  ol  KU<  ia  Win* 

•  >'  »P.J  Super  tunic  Tnrbnnuchiner  of  Ai«l  •  K-ui<«l  .  u4  MUrdKU.v  Type*. 

n  \c.\  tn  2*04.  xra. 

Ci]  MiCMNtl-  N,  T.t  XtiMti  M.  ).•  tail  r,  imm.  P.  C.i  (Vtin.a  Report. 

<»!  Si->;1«  Sice*  Eralnatl«i»  at  Uidul  llt-'.fc.  .lack.  Nambar  Comprrtiar 

$«<«.  NASA  CR  /2j*2.  1969. 

Ci]  Metreafr.  II.  E..  ia4  Kaaacdy.  E.  K..  Taa.Sia;*  Pant  I.  Aerodyn¬ 
amic  and  V.  ckaairal  NASA  CR  I70SS**.  1972. 

14]  Mu, ril.  A.  L-.  licit*.  I.  F...  cad  Kennedy.  E.  E..  High.  Loading  «M0 
(i/ms  T:  «  Speed  Trau*onic  Compreno,  Pea  State:  I.  \«r etlya*iaJc  and 
Mechanical  Driiga.  NASA  CK  120907,  1972. 

tS]  Srylcr.  D.  R..  and  Smith.  L  II.  If..  F'uglr  j|>{,  Rape  rim*  at  at 
Evaluation  of  INtfa  !'lcl  N'uuiler  Compressor  Solar  HI:. .ling:  part  I.  Design 
of  Rotor  "lading.  NASA  «  R  545SI,  1997.  * 

C  *  i  Cottrloo.  I  i*,.  Krnbucher,  K.  VT..  tad  Smith.  I.  H..  Prrformaacs 
Comparison*  of  High  Mark  Number  CumprrMm  Rotor  Blading.  NASA  CR 
125*.  I9M. 

17]  Salam.  D.  I!..  Kacaaa.  M.  1..  aad  Flynn.  *.  T..  Single-Stage  Fen- 
laatioa  of  High  Load*  I  Hi.'i-Mach-S'nmHer  Comprrtior  Stag*:  I.  Data  Prrla- 
rmaacc.  Mulliple-Cinelar.  Arc  Roto*.  NASA  CR  72*94.  |»7flL 

C I  ]  Croat*.  I.  E.,  laatiafc*.  D.  C.  aad  clnirit*,  R.  E..  A  Compete, 
Program  far  Camimting  Campr  etsor  Blading  from  Simulated  Circular- Arc 
Flcmrnti  ort  Coaical  Sortaca*.  NASA  TS  0  a  >27,  1949. 

C  9 1  Croat#.  I.  E..  Computer  Program  far  Definition  ad  Traataar* 

Aaial  Fin  a  Com  premier  Rladn  Ro*t.  NASA  TN  D-734S.  1974. 


16 


SUMMARY 


Aa  Aerodynamic  Design  Method  fjf 
Transonic  Axial  Flow  Cotnprcv.r>r  Stage  . 

Zk a  y««|jrm.  2 hem  Xiakti. 

til  5aap/ieg.  iW  Ft  Fridt 

t 

A  ik.ae  tiauiiMil  MiWfiiaii  i«u|i  («  ttaaiaaia  aaial  (la* 

caaipcitt ar  itaga  i*  ituiiM  ia  itlatl  ia  iki  ftp*'  it  ardar  la  mtkt  il 
aaticr  la  apply  ait  aora  wHilj  int.  Tka  adkai  nafditi  lk«  alii  pint: 
tka  am  S,  itraaaaarfaca  cataalalina.  tka  apffaiiaiti  calcalatiaa  of 
slraaatartaca  tl  raaalatiaa.  aad  defiaiag  tka  klada  alaaaat  aa  (ka  caaicat 
sarfica  ait  tt.-ckiag  tka  klata  airfoil  aactiaot.  Tka  «»t\at  it  aaaiaal  ia  ikal 
tka  calcalatiaa  itatinai  far  aulia|  tka  S,  Urtaatatfiti  caaapataiiaas  in 
caraat.  lit  pactical  rip  ia  tfc;  t  tka  aitfail  paraawlart  at  klata  ara  calralal.t 
aa  a  plaat  taagaat  ta  tka  ippratiaita  lirtaaiiartaca  at  rcaolaliaa.  Oa  tkit 
taageatial  pint,  tv*  tiaailiaiil  (law  it  aut  at  a  baiic  Mat  cl  ta  cilcalata 
tka  Mark  wave  ijilta  aa  tLi  tatliaa  tarfac*  at  nmti  aalraact  tagiaa. 

Tka  itraamliaa  carvatnra  walkod  ii  nat  ta  ralralala  tar  llaw  lult  aa 
ataa  5,  itrcaaiiarfaa*.  Tfc*  prajactiaat  aa  ia.  tiwul  pi  a  art.  ui  tka  Uat« 
Urging  lit  tiailag  itgn.  ara  lalactad  ai  calaalMiea  tlanaat.  Alaag  cunt 
calcalatiaa  ilaiiaai.  tka  pri'aci|>al  igaatiaai.  ia  wk><k  tka  itrraa;li<ia  (Mu- 
•ara  ut  tka  giaaiiaati  af  aatkal;  jr  aat  aatrapp  ara  lakaa  iata  accoar'i  ara 
tariaat  train  tka  faadaaaatal  igaatiaai  at  aaa.aiiaafei  ixitpiaaliit  flaw.  Tka 
Raaga-Katta  MlkU  ia  aut  ta  talaa  t'-i  priacipal  rgaatioat.  T>«  tlepa  aat 
aaraatara  at  tka  ilraaialiaa  ara  faaad  kjr  mtttt  at  tka  aptiaa  aat  tnUa 
aptiaa  fraction  raipaci irrlf. 

Tka  apptexiaiata  ca|r«|aliao  at  S%  -trraaifarfaci  at  raaalatiaa  caaaiita  at 
tka  fraa  Mraaai  calcalatiaa  alt  tka  Made  airlail  paraiactaci  calralai  'ta.  Tka 
fraa  it'ua  la  aatcada  aatraaaa  nflci  it  nkiliici  far  tka  rarpoaa  at 
parfaraiiag  tka  aalcalatiua  at  aaigaa  iacidaaca  aagla  lat  tka  aaaljrtit  at 
afcakiag  atargia  at  kltda  ikaaaat.  la  tka  frrr  itraaai  calcalatiaa.  tkr  maturity 
aguatioa  it  <ut  ta  aktaia  tka  flaw  paraawtari.  l»t  tka  katic  a»iaaipt>aa 
adapt  ad  it  Ikal  tka  aatrapp  a  ad  Ftr  ara  raaitaat  aa  rack  ttraaailiaa. 

Tka  Mallipta.alraalar.ara  (MCA)  aitfailt  ara  atad  tar  kalk  tk  ■  r ataa  aad 
tka  Motor.  Tka  paraaatarl  al  MCA  aitfailt  ara  talaalaitd  oa  a  pUaa  wkiak 
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